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The Consequences of Interface Mixing on Organic PhotonadRavice
Characteristics
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[a] Prof. A. J. Moulé, Scott A. Mauger, Dr. D. D. LaGrangel.  Introduction
Dr. Sook Yoon
Chemical Engineering and Materials Science Department The study of organic photovoltaic (OPV) materials and desic

University of California, Davis, CA 95616, USA is a quickly growing scientific field that is gaining increagi
E-mail: amoule@ucdavis.edu technological relevance. A recent NREL cerified power con-
[b] Dr. David M. Huang version efficiency (PCE) record of 8.13% was reported in the
School of Chemistry & Physics summer of 2010.[1] Efficiency records such as these show that
The University of Adelaide the OPV technology is increasingly capable of competing wit
SA 5005, Australia other thin-film PV technologies. However, many questions
[c] Dr. Stephan Friedrich about the basic physics of device function still persist.
Lawrence Livermore National Laboratory Polymer-based solar cells consist of several polymer,lgepo
7000 East Ave., L-188 mer, and mixed polymer/fullerene layers with thicknessss |
Livermore, CA 94550, USA than 100 nm, as shown in Figure 1. Since the layers are
[d] Dr. Simon J. George so thin, the properties of the interfaces dominate the rlect
Advanced Biological and Environmental X-ray Facility cal function of the layers. For this reason, an understandin
Lawrence Berkeley National Lab of the interface morphologies of the polymers used in these
1 Cyclotron Road Mail Stop 6R2100 devices is needed. There are two types of interfaces in a
Berkeley, CA 94720, USA bulk-heterojunction (BHJ) OPV device. First and most stud-
[*] Prof. A. J. Moulé - To whom correspondence should bied are the interfaces between the donor and acceptor materi
addressed als in the BHJ layer. The mixture of poly(3-hexylthiophene)
Keywords: Photovoltaic Devices, Solar Cells, Conductif§3HT) mixed with [6,6]-phenyl-gi-butyric acid methyl es-
P0|ymers, Organic Electronics, Charge Transport ter (PCBM) is the most studied BHJ Iayer material. One of

the large concerns in recent years has been control of layer
morphology in bulk-heterojunction (BHJ) mixtures of donor
polymers with fullerene acceptors. It has been shown by nu-
Abstract merous groups that the use of thermal treatment, solvekt soa
ing, or non-solvent additives can greatly improve the PCE by
Organic bulk-heterojunction solar cells are being devetbas curing the BHJ morphology.[2-4] For BHJ layer composed
a low-cost alternative to inorganic photovoltaics. A kegpsto of P3HT mixed with PCBM, curing the BHJ layer results in
producing high efficiency bulk-heterojunction devices Imfi increased domain size, hole mobility, and crystallinitytioé
curing using either heat or a solvent atmosphere. All of tR8HT.[5-7] All of the articles discribing the effects of ouy
literature examining the curing process have assumedrthat ihe morphology have assumed that changes to the BHJ mor-
provement of the bulk-heterojunction morphology is thesoga phology and resulting electronic changes are the sole measo
for the increased filling factor, short-circuit current dégtm, and for changes to the device properties.
efficiency following heat or solvent treatment. We show iisth The BHJ layer is typically coated onto a substrate
article that heat treatment causes the donor polymer (P3téT) indium-tin oxide with a thin layer of poly(3,4-
and polymer electrode (PEDOT:PSS) to mix physically to forathylenedioxythiophene):poly(styrenesulfonate)) (PE-
an interface layer. This interface layer is in part respaedior DOT:PSS) on top. PEDOT:PSS is used as the polymer
the improved filling factor and strongly affects the operegit anode in virtually all organic light-emitting diodes (OLEP
voltage by limiting the dark current. This result impliesath and organic photovoltaics (OPV). This electrode matesal i
a simplistic description of the P3HT/PEDOT:PSS contact as@widely used because it is insoluble in organic solverds, h
sharp interface between bulk P3HT and bulk PEDOT:PSS canwell-defined work functiond®) of around 5.1 eV,[8] is a
not adequately capture its electrical characteristics. hole conductor, and forms an ionomer, so the dopant PSS



P3HT improvementin the BHJ layer morphology, also depends on the
formation of a mixed interface layer. Finally we will argumat

the device longevity is positively affected by the formataf a
mixed interface layer.

2 Results and Discussion

2.1 Interface Characterization

In the following sections, we use contact angle measuresnent
X-ray absorption near edge structure (XANES), neutroncefle
tometry (NR), UV/VIS/NIR, and FTIR spectroscopy to confirm
Figure 1: Schematic of typical polymer solar cell with (frorthe presence, composition, and thickness of an interldogr t
top to bottom) a Ca/Ag cathode, a polymer:fullerene actifterms upon heating adjacent P3HT and PEDOT:PSS layers like
layer consisting of a mixture of P3HT (electron donor) anflose that occur in typical organic photovoltaic devicesther
PCBM (electron acceptor), a PEDOT:PSS hole-transportifgn characterize the structure of complete devices, wasfoc
layer, and an ITO anode on a glass substrate. on the P3HT/PEDOT:PSS interface by preparing samples com-

prising a layer of P3HT deposited on a layer of PEDOT:PSS

on a glass or silicon substrate. Mixtures of P3HT/PCBM or
does not separate from the PEDOT matrix due to Coulombigre P3HT on PEDOT:PSS give identical results for all of the
attraction.[9] There is experimental evidence that, whgin Stests relating to formation of the interface layer, so fon-si
coated in air, PSS and PEDOT forms vertically segregatgitity, only P3HT will be listed. Samples were subjected to
layers with PSS at the top surface.[8] Further researchiin thifferent heat-treatment temperatures and washed refigate
area has shown that PEDOT:PSS microdomains form that gig chlorobenzene, in which P3HT is soluble, in order to de-
rich in PEDOT near the center and have little PEDOT at ﬂt@—mine whether any sort of physica| or chemical bonding be-
surface. Upon heating, the PEDOT-rich domains form latef@leen P3HT and PEDOT:PSS takes place upon heat treatment.
(in plane) domains that are much more higly conductive tharsimilar but less well-characterized layer has previotrsgn

perpendicular to the film surface.[10-12] The second typefgfricated for hole injection layers on PEDOT:PSS surféoes
interface in a BHJ OPV device is an interface between matei$i ED applications.[19]

layers such as the PEDOT:PSS layer and BHJ layer. It is this
second type of interface that will be the main subject of this
article. '
PEDOT:PSS is considered metallic because it has a confihe large difference between the hydrophobicities of P3HT
uous density of the states at the Fermi level.[13, 14] Unliked PEDOT:PSS makes contact angle measurements a sensi-
a typical metal, PEDOT:PSS does not have a large free elixe probe of the presence of these materials at a surfate tha
tron density and so thé on PEDOT:PSS does not changmay consist of one or both of these two components. To
greatly with contact to other materials, i.e. large dipalgers confirm the presence of an interlayer at the PEDOT:PSS/bulk-
do not form.[15, 16] One interesting phenomenon with BHhkterojunction interface, a series of bilayer samples fedme-
OPV devices on PEDOT:PSS layers is that the PEDOT:P&8ed. These samples were heated to various temperatares an
is able to accept holes from nearly any polymer, regardlésgteen the P3HT was washed off using chlorobenzene. Figure 2
the highest occupied molecular orbital (HOMO) level of thehows the contact angl of a water droplet on films of PE-
polymer. Scharber et. al. published that the open circuit vaDOT:PSS, P3HT on PEDOT:PSS, and P3HT on PEDOT:PSS
age Voc) of BHJ OPV devices depends only on the energyashed with chlorobenzene after heat treatment, versus the
gap between the HOMO of the polymer and the lowest und®at-treatment temperature. As shown in Figure 2, the con-
cupied molecular orbital (LUMO) of the fullerene.[17] In-ortact angle of P3HT (i.e. P3HT on PEDOT:PSS) is the same
ganic light emitting diodes (OLEDS) a barrier for hole infjea  (107°) for heat treatment at room temperature and°@8d his
from the PEDOT:PSS into a polymer layer is a well-establisheontact angle was therefore assumed to be constant over the
phenomenon.[18] However, for an OPV device in which P3H&mperature range studied. On the other hand, the contact an
with a ® of 4.7 eV has to inject a hole into PEDOT:PSS witle of PEDOT:PSS decreases slightly front 16 5° with in-
a® of 5.1 eV the contact appears to be Ohmic and no net ereasing heat treatment temperature from room temperature
ergy loss occurs. We will show in this article that g also 180°C. This behavior could be due to an increasing predomi-
depends on the degree of mixing between PEDOT:PSS andrthece of the more hydrophilic PS&t the surface as a result
BHJ polymer. We will also demonstrate that the PCE increasfethermal annealing. For the heat-treated samples withTP3H
with heat treatment, which was previously ascribed onlyrto an PEDOT:PSS washed with chlorobenzene, the contact angle

1.1 Contact Angle



shows a distinct transition around &Dfrom a contact angle thicker than the X-ray absorption length, the absorptiontoa
similar to that of PEDOT:PSS to one resembling that of P3HEcorded by monitoring either the total electron yield (BY
indicating the presence of a P3HT surface layer for the washiee partial fluorescence yield (PFY) emitted from the sample
samples heated above T80 in response to the core hole excitation. Since the electsen e
cape depth of several nm is much shorter than then Escape

1207 ‘ ‘ 1 depth for soft X-rays, TEY measurements of the X-ray absorp-
- — 1 tion provide surface chemistry, while PFY measurements pro
. 100+ - loge ) ; ’ .
8 | [e-e@rEooTrssy s vide complementary information about bulk chemistry.
2 go |m-mP3HTon PEDOT:PSS, hedl( 8 We have taken X-ray absorption spectra of PEDOT:PSS and
@ | |AAPSHTONPEDOT:PSS, heat, was) 106’y P3HT samples, with and without P3HT on top, before and after
£ 601 [# % PSHT on PEDOTPSS, heal, waf} ( &  heating, on the carbon K absorption edge. Figure 3 shows the
5 T H0.4 3 surface-sensitive TEY data, while the PFY data are shown in
2 401 £ the supporting material in Figure S1. The TEY spectra show
8 5 I 102 ® five peaks that have been assigned as follows: 283.6 eV to the
Of Tt of carbon that reduced by either Nar H*, 284.8 eV to
o L - the 1" that corresponds to aromatic carbon and is broadened
0 ¥ ¥ ¥ 0 p
0 30 60 90 120 150 180 210 240 by the C-S bond,[21, 22] 287 eV to the C—H bonds associated
y
heat treatment temperature/°C with the alkane chain[22] with possible contributions fr¢ime

C-0O bonding group[21], 288.2 eV to th& transition from
C-H bonds associated with an aromatic ring,[22] and finally
Figure 2: Contact angle (measured at room temperature) @fzhsitions >290 eV ta* transitions.
water droplet on films of PEDOT:PSS (cwcle;), P3HT on PE- 4 differentiate between signal coming from the PEDOT and
DOT:PSS (squares), and P3HT on P_EDOT.PSS washed vgthg polymers, we compare a samples of R&S (solid line)
chlorobenzene after heat treatment (triangles) vs heatrtrent 1, \,ntreated PEDOT:PSS (dashed line) and heated PEDOT:PSS
temperature. Also shown (stars) is the fractfoof the surface (dot-dashed line) films. The N®SS spectrum has strong
covered by P3HT on the washed samples estimated from Equg;yres at 284.7 eV and 288.5 eV which indicate the presence
tion (1).[20] of aromatic carbon and aromatic carbon hydrogen bonds, re-
. . spectively. While all samples will have aromatic carborlyon
To quantify the presence of P3HT at the interface, the fr SsS hasya lot of C-H boﬁds to aromatic carbons. The)r/1eated

tion f of the surface covered by P3HT on the washed Sampll-'?éDOT:PSS film also has higher intensity features at 284.7 eV

\évqaja(taiitr']r?gg]ad at each temperatliresing the Cassne—Baxterand 288.5 eV than the unheated PEDOT:PSS sample. We take

this as confirmation of previously reported data that shinas t
c0s8; = f coBpanT+ (1 — f)coBpepoT-Pss (1) upon heating, the PSS moiety moves to the sample surface.[8]
eSs\ljpporting this data is a reduction of intensity for the 287

) . . 8V peak for heated PEDOT:PSS, which indicates reduced C—
of water on P3HT and PEDOT:PSS respectively. Applyi bond and C-H (non-aromatic) character at the surface. A

this equation to the contact angle measurements (assuhahg ES spectrum of P3HT (dotted line) shows greatly reduced
Bp3yT is the same at all temperature), the surface coverage (?’fN

P3HT was estimated to increase from 0 to about 5% at@sg cnoy for themCls . peak at 284.7 eV and high intensity

and then to jump to over 80% at 18 and above, as shown inCZIS(BCS_e\_/H) peak at 287 eV. There is no discernable peak at

Figure 2, indicating an almost monolayer coverage at thigge h N le of PEDOT-PSS that has P3HT hed off af
temperatures. This result clearly demonstrates that P3HT i hextz;samp €0 : fﬂﬁtD%t ?qsd i washed ott af-
tightly bound (either physically or chemically) to PEDOS® ter heating to a temperature o (dash dot line) was mea-

upon heating to temperatures of 2&80and above, indicatingsured‘; Forr:hgnre_lr_r;]alnmgr(]jlzcussm? th'hs samplelllx{lll be”qeifeb h
the formation of an intermixed layer between the two mateff @ “washed". The washed sample shows peak intensity bot

als. Similar contact angle experiments performed with PC 287 eV and 288.5 eV. Since the 287 eV peak is associated

on PEDOT:PSS showed that PCBM does not form an int¥fith P3HT alkane chains and the 288.5 eV peak with the aro-

layer with PEDOT:PSS, since the contact angle was identie}ﬂtic C—H bonds of PSS, it can be concluded that both PSHT

for PEDOT:PSS and for PEDOT:PSS that had PCBM spﬁ"\r-]d PSS are present in the top several nm of the sample surface
coated theﬁ washed off of it. ' The peak at 284.7 eV is larger for the washed sample than for

either the unheated PEDOT:PSS or P3HT. This is further con-
firmation of increased PSS as the surface.

The P3HT washed data is fit by numerically averaging the
X-ray absorption spectroscopy is a sensitive techniquega-mNat PSS and pure P3HT spectra with a 6:5 ratio. Note that
sure element-specific bonding structure. For samples mtitis data cannot be directly compared to the surface coeerag

whereBpzyT and BpepoT-pssare the measured contact angl

2.1.2 X-ray Absorption Near Edge Structure (XANES)



calculated using the Cassie-Baxter equation and contact RBHT, respectively, on silicon. The values @§epoT-pss=
gle data because the XANES experiment has a sensitivitylt80 x 1078 A2 and pp3nT = 0.786 % 106 A-2 are consis-
a greater penetration depth at the sample surface. The ¢it spent with those estimated using the NIST Scattering Length
tra exactly reproduce the line shape and suggest that oy PPDensity Calculator[23] from the molecular formulas of PE-
and PSS are present at the surface and that PEDOT is not wilh@T, PSS, and P3HT and approximate densities of 1.1 $/cm
several nm of the surface. That a numerical average of two skep these polymers of 68 x 1076 A—2 (assuming a 1:6 mix-
arate spectra can be used to reproduce the washed-sangpletai@ of PEDOT and PSS with SLDs86x 106 A-2 and
indicates that the PSS and P3HT are forming a mixed layer, but9 x 106 A=2) and 068 x 106 A~2 respectively.
not reacting with each other to a significant extent. A chemi-
cal reaction would cause a shift of electron density aroted t
atoms and therefore a shift in the XANES spectrum or forma-
tion of a new peak.

The PFY spectra (Supporting imformation Figure S1) show
nearly identical spectra for PEDOT:PSS with and withouthea
ing and P3HT washing. This indicates that the change in the

surface has very little effect on the bulk of the film. ) J PEDOT:PSS, untreated
T T T N T3
—— Na'PS$
3+ — — - PEDOT:PSS, untreated I
- = .= PEDOT:PSS, 150°C
. <+« P3HT ] ’
= -—-- PEDOT:PSS+P3HT, 150°C, wash P3HT on PEDOT:PSS, 210 °C, wash
o O PEDOT:PSS+P3HT, 150°C, wash (fit)
>‘2 PR T SN (T SO N T NN SR SO T NN T S
@ 0 0.04 0.08 0.12 0.16
c
= Q, /A"
1 3 T T T T I T T T T I T T T T I T T T T
b)
—— PEDOT:PSS, untreated
R P3HT on PEDOT:PSS, RT, wash T
0 s 2% L L - = =P3HT on PEDOT:PSS, 150 °C, wash
282 284 286 288 290 2 — -~ P3HT on PEDOT:PSS, 180 °C, wash
Energy /eV P 2 |- |-~ P3HT on PEDOT:PSS, 210 °C, wash| |
o L - :
: I3 ‘/ I.‘
. . - ! .
Figure 3: X-ray absorption near edge structure (XANES) spec ~ , | ,'/'/ i i
tra of the carbon K edge of N®SS (solid line), untreated j) ! i
PEDOT:PSS (dashed line), PEDOT:PSS heated t6Q %ot- L a7 i
dashed line), P3HT (dotted line), and P3HT on PEDOT:PSS ,"/',
that was heated to 180 and then washed with chlorobenzene ol v v b v a0 1
(dot-dot-dashed line). The points are a numerical averége o -20 -10 0 10 20
the curves for the heated PEDOT:PSS film and the P3HT film z/nm

with a weighting of 6:5.

Figure 4: (a) Neutron reflectivity data (points) and model
fits (lines) for an untreated PEDOT:PSS film (upper curves)
and for P3HT on PEDOT:PSS heated to 20Ghen washed
Neutron reflectivity data for selected samples are showiigin Fwith chlorobenzene (lower curves) (both on silicon wafes-su
ure 4a, along with fits to the data using a slab model for the sagrates). (b) Scattering length density (SLD) profiles \& di
tering length density profile of the film. The scattering léngtance from the top surface of the film from fits to reflectivity
density profiles near the top (air) interface obtained frowa tdata for untreated PEDOT:PSS (solid line), unannealed P3HT
model fitting are shown in Figure 4b for selected samplese (Téh PEDOT:PSS washed with chlorobenzene (dotted line), and
neutron reflectivity data and fits and modeled scatteringtten heat-treated P3HT on PEDOT:PSS washed with chloroben-
density distributions for all measured samples are givéfign zene, heated to 153G (dashed line), 18@ (dot-dashed line),
ures S2 and S3, respectively, of the Supporting Informgtioand 210C (dot-dot dashed line) Only the region close to the
The scattering length densities of PEDOT:P&&poT-pss and top (air) interface is shown.

P3HT, ppanT, Were obtained from the fits of the neutron re-

flectivity data for the samples with only PEDOT:PSS and only Figure 4b shows that scattering length density profiles of

2.1.3 Neutron Reflectivity



the untreated PEDOT:PSS film and the film in which P3Hanergy decreases with increasing heat treatment temperatu
was spin-coated on to PEDOT:PSS and then washed witkis result is also expected. The reported value of the exida
chlorobenzene without heat treatment are virtually inglist tion potential of the P3HT HOMO level is -4.74 eV with respect
guishable, indicating the absence of P3HT on the latter filln,vacuum measured using cyclic voltamitry[26] and.5 eV
which is consistent with the results of the other charazéeri measured using UPS.[27, 28] As P3HT mixes with PSS the
tion experiments. For the films that were heat treated a#ter dhost easily removed electron comes from the HOMO of P3HT
position of P3HT on to PEDOT:PSS but before washing witind so® of the surface is reduced. This change in@hshows
chlorobenzene, the interface width (twice the "roughnegs” that no vacuum level shift occurs at the interface betwedflP3

is larger than that of the untreated PEDOT:PSS film and emd PEDOT:PSS, as has been previously reported.[27]
creases with temperature, from 3.4 nm for the film heated to
150°C to 6.4 nm and 7.0 nm respectively for the films heated
to 180°C and 210. The increased interface width could be due
to (1) increased roughness of the interface, (2) vertiogilese 56 —— P3HT Washed
gation of PSS and PEDOT (with PSS nearer the surface), or ' o

(3) the presence of P3HT on the surface, which could also CIB Washed
be intermixed with PEDOT and PSS. Unfortunately, the or-—~ L
dering of the magnitudes of the scattering length densities
PP3HT < Ppss < PpepoT; Makes it difficult to distinguish be- ~
tween these three cases. However, the absence of an increasge 5.2 |
in the measured surface roughness measured by AFM with he
treatment (not shown) allows us to rule out case (1). We also©
find that the fit to the neutron reflectivity data for the 200 % B
heated film is noticeably improved when a several-nanometet—
layer of P3HT is assumed to exist on top of the PEDOT:PSSS
layer (as shown in Figure 4) instead of simply assuming afioug Q
PEDOT:PSS interface. The 18D and 180C-heated samples ;
do not seem do have a distinct P3HT layer, but a thin layer with
lower SLD is clearly present. When analyzed in the context
of the other measurements, the neutron reflectivity reguis

cate that the bi-layer samples heated aboveC50rm a few 4.4 ' | ' | ' | ' |
nanometers of P3HT intermixed PEDOT:PSS, with a predom- 0 50 100 150 200

inance of PSS over PEDOT near the interface. After washing

with a good solvent for P3HT this intermixed layer remains. Temp (C)

2.1.4 Kelvin probe force microscopy Figure 5: Work function measurements performed by Kelvin

] ) probe force microscopy of PEDOT:PSS layers that have (cir-
Kelvin force probe measurements make a direct measuremggd) and have not been coated with P3HT (squares).
of the Fermi energy of a surface.[24] The work functidy Of
the surface, defined as the minimum energy required to remove :
. The ® measurements allow us to make several conclusions.

an elef:tron from the surface,[25]_ 'S measyred using a Ke.l\g”st, the® of the mixed P3HT/PSS layer is set by the P3HT
probe in the case when the Fermi energy lies within a paytiall

AWithin the layer. Second® is the same for mixtures of
occupied energy band. Then the Fermi energy@rade iden- : ’ . L
tical. We prepared two sets of PEDOT:PSS samples with PRHT/PSS as for pure PSHT. Finally, sin@eis the same for

without P3HT coated on top. The samples were heated at tem- C, 18.0 <, anq 210_C_ P3HT washed samples, very litte
. . ~0Or extensive material mixing between P3HT and PSS does not
peratures ranging from room temparature to Z1@or 5 min-

: . significantly change the work function.
utes. The samples were then all washed multiple times with y g

CB. Then the Fermi energy of the samples was measured. The

samples that were pure PEDOT:PSS all have continuous ands  Mixing Mechanism

partially filled density of states (DOS) at the Fermi enesyy,

@ is directly measured and shows values near the literature\Me have shown in some detail that with heating, P3HT sticks to

ported value of -5.2 eV (Figure 5X increases slightly with the surface of PEDOT:PSS and that the upper surface is com-
increasing heat treatment, which means that more PSS onpbsed almost entirely of PSS. There are three mechanisins tha
surface makes it more difficult to remove an electron from tlean be imaginged to explain the formation of this P3HT/PSS

surface. For the P3HT washed samples, the measured Féayer. (1) P3HT chemically reacts with PSS upon heating



leading to the breaking of some conjugated bonds and the faxidized by the PSS or whether it is simple mixing of neu-
mation of new P3HT/PSS chemical bonds. tral species. Presented in Figure 6 are UV/VIS/NIR diffeeen
(2) P3HT physically mixes with PSS upon heating and bgpectra for a PEDOT:PSS/P3HT film that has been treated to
comes trapped in a mixed layer, but remains uncharged. increasing heating temperatures. The spectra in Fig. 6a sho
(3) P3HT physically mixes with PSS upon heating and pihe spectra of the heated films subtracted by the room tempera
comes oxidized to P3HT. ture (RT) film in the visible and Figure. 6b shows the same data
Possibility (1) is unlikely because there is no evidenceef ton a different scale in the near infrared (NIR). The speatea a
formation of new bond types in the XANES data (Figure 3§lisplayed in this manner because separate diffractiongsat
We further tested whether new bonds form by comparing FT#t€ required to cover the two measurement ranges and because
plots (Supporting Information Figure S4) of ground powd&3HT" has a much lower absorbance than P3HT.
mixtures of PEDOT:PSS and P3HT before and after heating-igure 6a (visible wavelengths) shows that mild heating (up
to 180°C for one hour. Comparison of the two spectra shd@ 120C) increases the P3HT absorption, probably due to in-
essentially identical peak ratios for all bond types. Weeetp creased ordering in the film.[30] However at higher temper-
that the most likely possible reaction is an acidic attacthef atures, visible absorption increasingly bleaches. Fidilre
thiophene ring of P3HT by the HS@roup of PSS. If this re- (NIR) shows the growth of an absorption peak centered at
action occured a new peak at 2535 chwould appear for a ~ 900 nm.[31] This NIR peak has been assigned previously
S—H bond.[29] Since this peak is absent, we conclude thattad®3HT".[32, 33] The fact that P3HT is forming with in-

chemical reaction occurs between P3HT and PSS upon heatigased heating is proof that the mixing is being caused by ox
dation of P3HT in the mixed layer. PSS is unconjugated and so

Bleach in Visible Polaron in NIR does not transport charges. This means that the oxidized P3H
at the interface is the only charge carrier. The presence of a
oxidized P3HT layer suggests that hole transport is everemor

- 0.006  strongly selected at this interface than it would be withibigt

mixed layer because the charge transport occurs through the

doped HOMO levels of P3HT. The data presented here does
not allow us to quantify how much of the P3HT in the mixed

layer is charged. The Kelvin probe measurements in Figure 5

shows that the Fermi level of the mixed layer is equivalent to

the HOMO level of the P3HT. This suggests that the Fermi
level is fixed within the HOMO band of the P3HT at the in-

terface. A greater forward bias would be necessary to rhise t

Fermi level to within the HOMO/LUMO gap of P3HT/PCBM,

respectively, than woud be required without this dopedrinte

0.000 layer.

o
o
S
N

-0.02 4 0.003

-0.04 4

Absorbance change compared to RT sample

—=—HT90C 2.2 Electrical Effects of Interlayer Formation
—4—HT 120C
0.06 —A—HT 150C A difficult problem in this study is to separate the electrica
Rl —0—HT180C| | .03 changes that come from the formation of a PSS/P3HT interface

—e—HT 210C

layer upon heating from the electrical effects brought albgu
— —— an improved BHJ layer morphology through heating. It has
400 500 600 700 750 900 1050 1200 been well documented that heating the mixture of P3HT/PCBM
Wavelength [nm] to temperatures of150°C improves the efficiency of OPV
devices,[34, 35] increases mobility of holes in P3HT,[6] in
creases the crystallinity of P3HT,[5] and increases thespha
Figure 6: UV/VIS/NIR difference spectra of bi-layer sangpleseparation between P3HT and PCBM.[7, 34] In order to make
of PEDOT:PSS/P3HT heated to®) 120C, 150C, 180C, acomparison between interlayer induced and BHJ morphology
and 210C. induced changes in electrical function of an OPV device we
have compared devices that have been prepared with and with-
Since no new bond types appear to be forming we nawt non-solvents that improve the morphology.[36, 37] Moul
attempt to determine whether possibility (2) or possipilitet al. demonstrated that the morphology of P3HT:PCBM bulk-
(3) cause P3HT to become insoluble upon heating the Rigterojunction layers can be improved in unheated layers us
DOT:PSS/P3HT bi-layer. The only realy difference betweémng the non-solvent additive nitrobenzene (NB).[38] NB was
the two possibilities is to determine whether the P3HT bez®nshown to cause aggregation of the P3HT, which led to an im-




proved short circuit current densitys() and filling factor (FF) 4 ‘ ‘ -+ CB, as-cast T
compared with as-cast devices that were solution cast from .~ I - SE;&S?;S_M ,' /
solvents such as chlorobenzene (CB) and o-xylene. Further E —— CBINB,180°C] | ‘
work (in preparation) has shown that the NB additive does not <E‘ ‘ ' ‘
evaporate out of the bulk-heterojunction film, even uporthea <

ing to >150C and that the presence of NB increases the on- '%“ i
set of melting of the P3HT/PCBM blend by over“&l These S

circumstances mean that, in effect, the morphology of bulk- g

heterojunction films with NB added does not change signifi- @ - -
cantly upon heating. UV/Vis and fluorescence spectra of flms 3

heated to 180C are identical to those of as-cast films, which ol o
strongly indicates that the morphology of the film is mainéal 04 02 O 02 04 06 08
by the presence of the NB. applied voltage/ /V

In this section, we compare the current density—voltage (
V) curves of CB-cast and CB/NB-cast films that had beer
heated to differing temperatures. As was stated in the-int
duction, heating of a CB-cast P3HT/PCBM film causes agg
gation, increases hole mobility, and causes a red-shithef
UV-VIS absorption spectrum. However, especially at low
temperatures, heating of the CB/NB-cast films has no effect g
the layer morphology and so any observed electrical changes

are isolated to changes at the interface. Using this cOSari treatment temperature for several other fabrication de.

we will show that some changes in electrical charactesistie |t can be seen that for all fabrication conditioWshas a similar
not due to morphological changes, butrather to the formatio peat treatment temperature dependence.

the mixed layer at the interface between P3HT and PEDOT:PS§pe yalue ofVg in bulk-heterojunction solar cells is the ap-

that was introduced above. plied voltage required to compensate for the work functién d
Figure 7 shows-V curves for P3HT:PCBM OPV devicesierence between the HOMO of the donor at the anode and the

cast from CB and CB/NB. The devices were measured direqtlyMO of the acceptor at the cathode.[39] Since the two device

after spin coating and after heating to 180 It can be seen types have very different morphologies and very differkat

that theJsc and fill factor (FF) of the CB/NB-cast devices areurves for most of these temperatures, we must conclude that

nearly identical in the as-cast and heated devices, bubttht something in addition to the bulk-heterojunction layertcols

of these characteristics increase greatly upon heatinghtor \;. \, can be changed by the effects of band bending, forma-

CB-cast device. We have already noted that the morpholagys of an interface dipole layer or doping of the material at

of the CB/NB-cast devices does not change upon heating. The interface. Correlation of the heat-treatment tempeeat

only clear change in thé-V data is an increase of the opendependence of thé, with the temperature dependence of the

circuit voltage Yoc) from 0.6 V to 0.66 V. By comparison, theP3HT/PSS interlayer formation indicates that the incretage

Voc of the CB-cast device drops from 0.72 V to 0.66 V upoig due to the formation of the PSS/P3HT interlayer.

heating. Comparison of the two device types shows that an imGiven this very clear picture of a P3HT/PSS interlayer, we

proved morphology through heating or solvent additive esagsk how do the electrical properties of the device change be-

can increase the FF adgt, but theVy is only improved using cause of this layer formation. PSS is an insulator. It can be

heating. assumed that the charge transport through-tBe7 nm thick
Figure 8a shows a plot &% versus heat-treatment temperanterlayer occurs through the P3HT. Small-molecule OPV de-

ture for a series of CB- and CB/NB-cast devices, in whichiit caices are fabricated with a donor/mixed/acceptor layarcstr

be seen that, for both device types varies non-monotonicallyure in order to increase the selectivity of charge transpor

Voc shows a minimum at 12€ and is the same for heatto the two electrodes.[40] The increased compensation volt

treatment temperatures above 180but there is no obviousage Vp with the formation of the interlayer, shown in Fig-

trend. A plot of the compensation voltalyg (the voltage at ure 8a, is indirect evidence of increased electrode selecti

which the current—voltage curves in the dark and under iHunity for holes. The use of a PEDOT:PSS replacement anode

nation cross) versus heat-treatment temperature is atsenshcomposed of a blend of 4,4’-bis[(p-trichlorosilylpropiagnyl)-

on the same axis. Heating the device up to temperaturepbénylamino]biphenyl (TPDg) poly[9,9-dioctylfluorene-co-

180°C clearly increase¥/) for both device types. Interest-N-[4-(3-methlypropyl)]-diphenylamine (TFB) has also bee

ingly, Vo is nearly identical for both device types in Figure 8shown to offer greater hole solectivity than PEDOT:PSS.[41

as a function of the heat-treatment temperature. FiguranS5 iFigure 8b shows the short-circuit current densifyversus

the Supporting Information show# as a function of heat- temperature data for both the CB- and CB/NB-cast devices.

gure 7: Current—voltage curves of 3:2 w/w P3HT:PCBM
evices spin cast from chlorobenzene (CB, dotted lines: as-
gast; solid lines: heat treated at 28) and from chloroben-

Fne/nitrobenzene (CB/NB, dot-dashed lines: as-cashedas
es: heat treated at 130).
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T power conversion efficiency.[34, 42—44] We have shown that
a (@) T Voc Varies depending on the morphology, but is maximized by
heat treatment to 18C. TheJs. reaches a maximum at 12D
\g . and is reduced with the formation of an interlayer. The fjlin
factor (FF) seems to be most positively affeted by the foionat
- 8 of the PSS/P3HT interlayer. Figure 8c shows the FF versus
heat-treatment temperature for both the CB- and CB/NB-cast
oc devices. As seen in Figure 7, the FF for CB/NB-cast devices
TR S S R S is very high for a device that is not heat-treated, while the F
T T T T T T T T T T T T ] for a CB-cast device is quite poor.[38] For devices heated to
— 120°C, the FF is identical for both device types and still low
4 ~0.55. This is interesting considering that the morpholofyy o
N the CB/NB cast devices was already good enough for a FF of
h 0.66 without heat treatment and climbs back to 0.61 aftet hea
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treatment to 18TC. The morphology of the CB/NB-cast layer

does not change, but the FF is reduced because the BHJ layer

does not effectively inject holes into the PEDOT:PSS aféath

L s I ing to 120C. We speculate that either the thickened insulating

T ' T "1 T " 1T "1 7T PSS layer reduces the charge transport rate, or that thetarie

(o) 1 tion of the P3HT domains are ineffective for charge transpor

into the PEDOT:PSS.[45] With heating to higher temperature

i T P3HT mixes with PSS and is oxidized to P3HT With the

formation of the mixed interlayer, the FF of devices fromtbot

r 1 casting solvents is increased to above 0.6. Finally withihga

to 210°C, the FF drops down to below 0.4. The change comes

i 1 from the formation of an overly thick mixed layer >10 nm (Fig-
O e ure S3) and breakdown of the PEDOT:PSS layer itself.[13]

0.3
ho 30 60 30 120 150 180 219, 240 There are several reasons that the formation of the mixed
eat treatment temperature T/°C PSS/P3HT interlayer increases the FF. First, the formaifon
the mixed interlayer decreases the dark current througtighe

. ] - ) vice. Supporting Information Figure S6 shows the dark and
Figure 8: (a)Voc (solid lines) and/o (dashed lines), (bsc, and _light JV curves for all of the devices reported in this stuy-

¢) FF vs heat treatment temperature for P3HT/PCBM devicgsination of the dark JV curves shows that the dark current is
that were cast from CB()) and CB/NB (J). somewhat reduced by the formation of the interlayer in the vo
age region between 0.45 and 0.8 V. While this change is minor,
it shows that the interlayer is effective in reducing thekdaur-
Here we see that the CB/NB-cast samples have a higherrent. This effect would probably be much more apparent and
for all heat-treatment temperatures, which can be expditiye important in devices that use ambipolar polymers.[46-48]
the red-shifted absorption spectrum with respect to the CBne data presented in the preceeding sections shows that
cast samples [38], which results from an increase in the 1q{g,¢ing of the bulk-heterojunction layer above 1G0eads to
number of photons absorbed by the CB/NB active layers eygR formation of an insoluble layer that is formed from a mix-
with identical layer thickness. For both device types th&ima; e of P3HT and PSS. In several recent articles, the verti-
mum inJsc occurs with a heat treatment temperature of'120 ¢4 segregation of P3HT and PCBM bulk-heterojunction lay-
which temperature a PSS/P3HT interlayer has not yet formgfl \ a5 studied.[49-52] Most of these articles showed kieat t
The maximum occurs for this heat treatment temperature Rgnsity of P3HT is higher at the air interface and lower at the
cause the heating has improved the morphology and abilitys¥ poT:pSS interface because segregation is driven by the di
the BHJ layer to absorb light. Once the interlayer forms, P3Hg ence between the surface energies of P3HT and PCBM at
from the active layer becomes bleached in the visible wiéh those two interfaces. Xu et al.[52] predicted better eteritr
formation of P3HT in the interlayer. Figure 6 shows thig, onerties for inverted devices due to the increased hate ca
bleach with the formation of the interlayer. Since the &tiYiers near the top electrode and increased presence ofcglect
layer absorbs less light, tiig is reduced with the formation of ¢4 riers near the bottom interface. Germack et al.[49] sttow
the interlayer. identical electronic properties regardless of P3HT dgmsitr
It has been widely reported that heating a P3HT/PCBItfle hole-collecting electrode. In contrast, van Bavel ef5l]
BHJ device to a temperature ef150°C leads to the highestshowed higher P3HT density near the PEDOT:PSS electrode.
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Our results may reconcile the discrepancies between theise performance. The presence of the interlayer will tfoese
results. We show that P3HT forms an interlayer with PHicrease the device lifetime because it eliminates oriemta
DOT:PSS upon heating. All of the authors above used slightlgpendence at the anode interface.
different preparation proceedures for their bulk-hetemofion
layers, including different heating times and temperagutés-
ing contact angle measurements of washed films we haye Experimental
shown that PCBM does not stick to or mix with PEDOT:PSS

at all measured temperatures. We have shown conclusiy@iterials and Device FabricationAll devices were fabricated
that P3HT forms an interlayer with PEDOT:PSS upon hegh indium tin oxide (ITO) glass slides that had been etched
ing. We make no speculation about the vertical compositi@ith acid to a specified shape using a mask. The substrates
of P3HT and PCBM within the layer, but at the hole-collectingere then cleaned in an ultrasonic bath with chloroform; ace
electrode, our results suggset that PCBM is excluded fr@m {Bne, mucasol, and deionized water. Prior to spin coating
interface with the hOle-CO”eCting electrode for heatedkbu a~40 nm po|yethy|enedioxythiophene:po|ystyrenesu|p|’m)nat
hetel’ojunction |ayerS. This finding, in combination W|treth(PEDOTPSS, H.C. Starck) |ayer’ the ITO substrates were
results of Germack et. al. that showed that the OPV devigigced in an ozone plasma for 30 min. The PEDOT:PSS-
efficiency was very insensitive to vertical segregatiogg®sts coated films were dried at 110 for 3 min and then
that the formation of a mixed interface layer will increabe tjmmediately taken into an N glovebox.  Mixtures of
longevity of the device. It is well known that a PV device wilB:2 w/w poly(3-hexylthiophene) (P3HT; Reike Metals):pjen
heat cycle during the day with temperatures up t6B@nd Cg;-butyric acid methyl ester (PCBM; Nano-C) were dissolved
that the morphology of P3HT/PCBM can be changed by thagg chlorobenzene and then spin-coated onto the PEDOT:PSS
temperatures.[35] The FF data presented on CB/NB cast &i@faces to create film layers of 80 nm, as measured using a
vices in Figure??c shows that even a BHJ layer with goodalibrated Dektak surface profilometer. For some of the de-
morphology can have a poor FF due to poor interface chaigiges, nitrobenzene was added to the spin-coating mixtire d
transfer. The formation of the mixed interlayer at high t@mp rectly before spin coating. Next, the samples were moved to a
atures assures gOOd hole conduction at this interface. tAn'lnI"“gh vacuum Chamber, where Ca/Ag electrodes were therma”y
face formed from an inOfganiC hole conductor will not fix th@vaporated through a shadow mask. All Subsequent heauihg an
P3HT at the interface and so will be more subject to materigbasurement using the solar simulator were performed in the
|nStab|l|ty g|0veb0x_
Samples for the washing experiments and reflectometry ex-

periments were prepared on either cleaned glass slidessilr on
3 Conclusions icon wafers with a native oxide layer. The cleaning stepsewer

the same as described above. PEDOT:PSS was spin-coated on
In Conc|usion’ we have shown that heat treatment @fthe substrate followed by either P3HT or a mixture of P3HT

P3HT/PCBM bulk-heterojunction layers that are deposité#d PCBM. The layered films were heated in the glovebox us-
onto PEDOT:PSS hole transoprt layers leads to materiahgixind @ calibrated hot plate. The washing was performed by cov-
of the layers. Specifically, at temperatures at and above5@ring the entire film with chlorobenzene and then spinnireg th
the P3HT forms an interlayer with PSS from the PEDOT:PS/m. This process was repeated three to five times to ensate th
This mixed interlayer forms to a thickness of 3-5 nm and @Y polymer not physically or chemically bound to the suefac
composed of a mixture of P3HTand PSS. After formation, Was washed away. Washing by soaking in an ultrasonic bath of
the mixed interlayer is insoluble to both organic solventd achlorobenzene was also carried out, but gave the same ¢ontac
to H,O. The oxidized P3HT is the charge carrier and sincedifgle results as those presented in this paper for the sample
is doped, it is very selective to hole transport. The workcfunwashed by spin-coating.

tion of the mixed interlayer is nearly identical to the HOMO Device MeasurementsAM1.5 light was provided by a fil-
level of the P3HT, which indicates p-doping of the P3HT. Exered Xe lamp. The light intensity was calibrated using a Si
amination of the heat treatment temperature dependence offiotodiode but no mismatch factor was applied to the measure
vices that were fabricated with differing morphologieswho ments. Thel-V measurements were performed using a Keith-
that the formation of the mixed interlayer changes the campéey 2420 source measurement unit.

sation voltage most strongly and predictably. The mixedrint Contact Angle Measurement€ontact angle measurements
layer reduces the dark current under applied bias and so Wege performed on a leveled goniometer stage. A droplet of
the effect of improving the filling factor ard,. of the device. H>O was placed on the sample surface and then the contact an-
Finally, once the mixed interlayer has formed, the comjmsit gle was measured using a height-adjusted microscope camera
and interaction of the P3HT with the PEDOT:PSS layer doasd angle-determination software.

not change with heating. We showed that heating to temperaXANES MeasurementX:ray absorption near edge structure
ture below 150C for high-efficiency devices degrades the déXANES) data were taken at beam line 4.0.2 of the Advanced



Light Source synchrotron at the Lawrence Berkeley Natioreald SiQ layers were assumed to be zero.
Laboratory. The incident beam energy was scanned in incre-
ments of 0.5 eV in the energy range below the carbon K-e

dge
from 250 to 275 eV, in 0.1 eV increments over the near—edétcknOWIedgements

region from 275.1 to 300 eV, in increments of 0.2 eV from .
300.2 to 330 eV and in increments of 054V in the feature- | NiS Work was supported by the US Department of Energy
less region from 330.5 to 360 eV. The slit settings were JEERE Solar America Initiative under Contract No. DE-FG36-

duced to 20&um / 20A&um and the incident beam was de98G018018. The thank LANL for neutron reflectometry mea-
focused to a spot size of Hhn? to avoid radiation dam- surement time at the LANSCE-SPEAR facility and measure-
age to the film samples. The incident beam intensjtyas ment help obtained from Erik Watkins and Jarek Majewski. We

measured with a 95% transmissive gold grid after the refoct2nk the ALS for providing beam time. Part of this work was
ing mirror, and the total electron yield (TEY) was measurdtfformed under the auspices of the U.S. Department of En-
with a Photonis Channeltron Electron Multiplier (model CENiT9Y by Lawrence Livermore National Laboratory under Con-
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ray spectrometer[53] was used to simultaneously recorthe

ray fluorescence from them sample for each incident ener

and the intensity of the carbon K line used as a measurepglﬁferences

the partial fluorescence yield (PFY). Both TEY and PFY Sig[l] M. Osborn,New polymers push Solarmers OPV efficiency
nals were normalized by, land set to unity in the flat region to record 8.13 percentwww.pv-tech.org201Q
of 350 to 360 eV above the absorption features. Offset volt-

ages were carefully zeroed so that the spectra not contgin gi2] H. Hoppe, N. S. Sariciftci). Mater. Chem2006 16, 45—
of the structure ind due to a small carbon contamination of the  61.

monochromator. , ,
[3] G.Li, V. Shrotriya, Y. Yao, J. S. Huang, Y. Yang, Mater.

Neutron Scattering Measurements: Neutron Reflectometry Chem.2007 17, 3126-3140.
MeasurementsThe properties of the thin-film layers of sam-
ples of PEDOT:PSS and/or P3HT spin-coated onto silicolff] A. J. Moulé, K. Meerholz Adv. Funct. Mater2009 19,
wafer substrates and subjected to various heat and sofeant t 3028-3036.
ments were determined by neutron reflectometry. The neutr{igj T Erb. U Zhokhavets. G. Gobsch. S. Raleva. B. Stuhn
reflectometry measurements were carried out using the &urf P Sch,ilinlc,ky C Walda’uf C ] Brab,e!txglv Funct’ M.ater '
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oratory. A collimated neutron beam was directed at a santple @] V. D. Mihailetchi, H. X. Xie, B. de Boer, L. J. A. Koster,
an incident angle oB. The reflectivityR, defined as the ratio P. W. M. Blom,Adv. Funct. Mater2006 16, 699—708.
of the intensity of the specularly reflected neutron bearhab t
of the incident beam, was measured as a function of the mbZ] X. N. Yang, J. Loos, S. C. Veenstra, W. J. H. Verhees,
mentum change perpendicular to the surf&ges (4msing) /A, M. M. Wienk, J. M. Kroon, M. A. J. Michels, R. A. J.
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Figure S1: X-ray absorption near edge structure (XANESEspef the carbon K edge of untreated PE-
DOT:PSS (solid line), PEDOT:PSS heated tokBQdotted line), untreated P3HT on PEDOT:PSS (dashed
line). and P3HT on PEDOT:PSS that was heated t6C&hd then washed with chlorobenzene (dot-dashed

line).
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Figure S2: ReflectivityR vs momentum transfer vect@, from measurements (points) and fits (lines) of
various samples on silicon wafers: (a) PEDOT:PSS, (b) P¢)Tunwashed P3HT on PEDOT:PSS, and
P3HT on PEDOT:PSS heated then washed with chlorobenzetieheat treatment temperature of (d) room
temperature, (e) 15C, (f) 180°C, and (g) 216C.
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Figure S3: Scattering length density SLD vs distance frommttp surface of samples from fits to the
measured reflectivity data in Figu®®: (a) PEDOT:PSS, (b) P3HT, (c) unwashed P3HT on PEDOT:PSS,
and P3HT on PEDOT:PSS heated then washed with chlorobenzéhdeat treatment temperature of (d)
room temperature, (e) 150, (f) 180°C, and (g) 210C.
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Figure S4: FTIR spectra of mixed PS3HT/PEDOT:PSS before)land after (dotted line) heat treatment at
180°C. The P3HT and dried PEDOT:PSS were mixed as powder sanmpéesiortar and pestle with KBr.
Half of the samples was subsequently heated td@8WThen both samples were mechanically pressed and
measured in transmission in the FTIR. The differences irspgeetra come from sample geometry. There
Is no evidence of new peak formation or a change in the peaisraassignments of the peaks were taken
from Chenet. al7 ]
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Figure S5V (filled shapes, solid lines) ang (open shapes, dotted lines) versus heat treatment tempera-
ture for 3:2 P3HT:PCBM BHJ OPV devices with an active layéckhess of 80 nm. The devices were cast
from 19:1 chlorobenzene (CB):anisole (AS) (squares), GBtangle), 19:1 CB:nitrobenzene (NB) (left
triangle), 1,2 dichlorobenzene (DCB) (circle), orthoxyg OX) (down tirangle), and preformed nanofibers

of P3HT in OX (OX-np) (stars). As stated in the main text, Yag shows no consistant trend and is quite
dependent on layer morphology. In contragtshows a clear dependence on heat-treatment temperature.
For most device¥j increases with increasing heat-treatment temperatuheavitaximum at 18GC. There

are three exceptions. For the solvents CB/AS and DCBYghe lowest for heat-treatment at 1Z0. This

is because both AS and DCB are high boiling point solventsetiaporate slowly from the active layer.
The presence of these solvents in the films causes the famattiarge PCBM domains that greatly in-
crease the dark current, lowering Fg¢, andVy. TheVy increases to the same value as the other devices
with heating to 150C because the formation of the interlayer reduces the darkem The OX-np also

has a much different dependenceVigfon heat treatment temperature. For OX-¥pjs highest with no

heat treatment and decreases to a minimum at@5Binally the\g is (within error) the same as the other
devices after heating to 180. This different dependence is because the P3HT nano fibeesgoor elec-
trical connectivity to each other after spin coating, sodaek current is quite low for the unheated sample.
With heating the PCBM forms extended domains that transguatge efficiently between the electrodes,
which greatly increase the dark current while redudihg Vo and FF. The interlayer does not form until
the higher temperature of 180 because the P3HT nanofibers must melt before the inteimj@med.



30_[ T TT I T T 1 | T T IJ,’I_ 30_' T T 1 | T 1TT I T T IJ,'.I_ 10 I T T I T T 1 | T T 1 | T
255 CB(dak) ) 2S¢ CB(lighy +—- F CB(lightdark) 7
20 _— :, —_ 20 _— —_— 1t '.’ __
2 15F 4 sE 120°c| o
S 10f g 10 |~— 150°C| T 4
C o 7 C |-=- 180°C| o /]
S/ 8 0 ‘__j“/__ 3 __ T 2100C ..II —_:
~ - - L = -
S 1 Of RV A
10 T =T SR J F )
_15_| 1 11 | 111 I 11 | I__15_| 111 I 111 | 1 1 1 | I—_15 | 11 1 | 11 I 11 I 1
04 0 04 08 04 0 04 08 04 0 04 08
30 B | T 1 | LI I LI ’" I ] 30 B I LI I LI | I i 10 | LI | LI I LI I I
25 NB/CB (dark)f i § 25F NB/CB(ight) [ 4 NB/CB (light-dark) -
20 |- y — 20 - 5 ]
R o P I o a1t 3
g 15 - 15 4 ok . <
S 10p A 10 = ‘4]
E S yr 1 S¢ 1 5L fr _
~ OF B AU 4 Tt .
S 1 °C - 110 = —
I TP PRI M anhd il s rlﬁ Lol il
_15 11 I 1 1 I 1 1 1 _15 1 1 11 111 1 _15 111 1 1 I 1 1 1
04 0 04 08 04 0 04 08 04 0 04 08
VIV VIV VIV

Figure S6: Dark (left), light (middle), and photocurrengfit) JV curves for 3:2 P3HT:PCBM BHJ devices
that were cast from chlorobenzene (upper three panels) @&iddchlorobenzene:nitrobenzene (lower three
panels). On each graph are depicted the heat treatmentsgdrgm room temperature (solid line), 12D
(dotted line), 150C (dashed line), 18@ (dash-dot line), and 22C (dash-dot-dot line). Notice that re-
duction in the dark current for devices heat treated t6°C58nd 180C leads to increased photocurrent at
higher applied potentials.



